AD-A020  713 


PASSIVE  NOSETIP  TECHNOLOGY  (PANT)  PROGRAM. 
VOLUME  XV.  ROUGHNESS  INDUCED  TRANSITION  ON 
BLUNT  AXISYHMETRIC  BODIES  - DATA  REPORT 

H.  D<  Jackson 

Acurex  Corporation 


Nitiml  Technical  Inlomiatim  Senrica 
U.  S.  DEPMTMENT  OF  COHMERCE 


fJA020713 


0S5C Ao 


SAMSO-TR-74-86 
Volume  XV 


INTERIM  REPORT 
PASSIVE  NOSETIP  TECHNOLOGY 
(PANT)  PROGRAM 


Volume  XV.  Roughness  Induced  Transition  on  Blunt 
Axl symmetric  Bodies  - Data  Report 


M.  D.  Jackson 


Aerotherm  Oivision/Acurex  Corporation 


SAMS0-TR-74-8f. 


April  1974 


AEROTHERM  REPORT  74-100 


D D G 

, iST6 


• . * T*-n—r 

' I 

» W 


TMs>oaimentjifcy  bej}4^(3fribut«^^^he^^ a?r|^older 

» Lcff%igeles,  C&WtfWna. 


Air  Force  Space  and  Missile 
Systems  Organization 
Los  Angeles,  California 


_SyftTEMEWT  iT 

Ap^JIO^•^■d  / 'V  p!',b!ic:  lalodsil 


\y'  ' ) I 

r 


Contract  F04701-71-C-0021 


KeproJvcrd  by 

NATIONAL  TECHNICAL 
INFORMATION  SERVICE 

U $ Qeportmtnt  of  Comm«r<4 
Sprinttfkicf  VA^ISl 


FOREWORD 


This  document  is  Volume  XV  of  the  Interim  Report  series  for  the  Passive 
Nosetip  Techr>niogy  (PANT)  program.  A summary  of  the  documents  in  this  series 
prepared  to  d^  is  as  follows: 

Volume  I - Program  Overview  (U) 

Volume  II  - Environment  and  Material  Response  Procedures  for  Nosetip 
Design  (U) 

'olume  III  - Surface  Roughness  Data 

Part  I - Experimental  Data 

Part  II  - Roughness  Augmented  Heating  Data  Correlation 
and  Analysis  (U) 

, Part  III  - Boundary  Layer  Tri>nsition  Data  Correlation  and 

Analysis  (U) 

Volume  IV  - Heat  Transfer  and  Pressure  Distributions  on  Ablated  Shapes 
Part  I - Experimental  Data 
Part  II  - Data  Correlation 

Volume  V - Definition  of  Shape  Change  Phenomenology  from  Low  Tempera- 
ture Ablator  Experiments 

Part  I - Experimental  Data,  Series  C (Preliminary  Test 
Series) 

Part  II  - Experimental  Data,  Series  D (Final  Test  Series) 

Part  III  - Shape  Change  Data  Correlation  and  Analysis 

Volume  VI  - Graphite  Ablation  Data  Correlation  and  Anlaysis  (U) 

Volume  VII  - Computer  User's  Manual,  Steady-State  Analysis  of  Ablating 
Nosetips  (SAANT)  Program 

Volume  VIII  - Computer  User's  Manual,  Passive  Graphite  Ablating  Nosetip 
(PAGAN)  Program 

\ Volume  IX  - Unsteady  Flow  on  Ablated  Nosetip  Shapes  - PANT  Series  G 

^ Test  and  Analysis  Report 
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Volume  X - Summary  of  nxperimental  and  Analytical  Results 

Volume  XI  - Analysis  and  Review  of  the  ABRES  Combustion  Test  Facility 
for  High  Pressure  Hypci thermal  Reentry  Nosetip  Systems 
Tests 

Volume  XII  - Nosetip  Transition  and  Shape  Change  Tests  in  the  AFFDL  50 
MW  RENT  Arc  - Data  Report 

Volume  XIII  - An  Expei imental  Study  to  Evaluate  Heat  Transfer  Rate^  to 
Scalloped  Surfaces  - Data  Report 

Volume  XIV  - An  Experimental  Study  to  Evaluate  the  Irregular  Nosetip 
Shape  Regime  - Data  J’>eport 

Volume  XV  - Roughness  Induced  Transition  Experiments  - Data  Report 
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from  May  1973  to  December  1974.  Volume  X summarizes  the  respective  test  pro- 
grams and  describes  improvements  in  nosetip  analysis  capabilities.  Volume  XI 
presents  an  evaluation  of  the  ABRES  test  facility  in  terms  of  performing  ther- 
raostructural  and  reentry  flight  simulation  testing.  Volumes  XII  through  XV  are 
data  reports  which  summarize  the  experiment'^  performed  for  the  purpose  of  de- 
fining the  irregular  flight  regime.  The  analysis  of  these  data  are  presented 
in  Volume  X. 
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ABSTRACT 

Laminar,  transitional  and  turbulent  heat-transfer  coefficients  measured 
on  six  roughened  calorimeter  models  are  presented.  Four  of  the  models  were 
sphere  cones  with  nose  radii  of  .75,  1.5,  2.5  and  3.5  inches  and  with  an  eight 
degree  cone  half  angle.  One  60  degree  forecone  biconic  with  an  eight  degree 
cone  half  angle,  and  one  launinar  ablated  shape  calorimeter  were  also  tested. 

The  nominal  roughness  height  on  these  models  was  3.5  mils.  The  tests  were  con- 
ducted at  “ 5 and  at  sonic  point  unit  ReynolifiS  numbers  from  .42  x 10‘/ft  to 
7.4  X 10®/ft.  Larger  Reynolds  numbers  were  required  in  order  to  promote  rough 
wall  boundary  layer  transition  on  the  smaller  nose  radius  models.  '• 


V 


‘XffllSSIliKrti  Wi<iii.'iiii>ini.»miii»«>iii»i 


TABLE  OF  CONTENTS 


Section 


1 INTRODUCTION 

2 EXPERIMENTAL  OBJECTIVES  AND  APPROACH 

3 DESCRIPTION  OF  CALORIMETER  MODELS 

3.1  Model  Fabrication 

3.2  Definition  of  Surface  Roughness 

4 TEST  CONDITIONS 

5 DESCRIPTION  OF  RECORDED  DATA 

6 TEST  RESULTS 

6.1  Data  Reduction  Technique 

6 . 2 Test  Data 

7 SUMMARY  OF  RESULTS  AND  CONCLUSIONS 
REFERENCES 


1-1 


2-1 

3-1 

3-1 

3- 12 

4- 1 

5- 1 

6- 1 
6-1 

6- 3 

7- 1 
R-1 


V 


Preceding  page  Plank 


vii 


LIST  OF  FIGURES 


Figure 

1 Configuration  for  .75  Inch  Sphero-Cone  Calorimeter  and 
Adapter 

2 Configuration  for  1.6  Inch  Sphere-Cone  Calorimeter  and 
Adapter 

3 Configuration  for  2.5  Inch  Sphere-Cone  Calorimeter  and 
Mounting  Ring 

4 Configuration  for  3.5  Inch  Sphere-Cone  Calorimeter  and 
Mounting  Ring 

5 Configuration  for  3.5  Inch  Laminar-Blunt  Calorimeter  and 
Mounting  Rin^ 

6 Configuration  for  1.5  Inch  Shoulder  Radiu3/60*/8“  Biconic 
Calori^.acer  and  Adapter 

7 Pretest  Photographs  of  .75,  1.5  Sphere-Cone  Models  and 
B iconic  Model 

8 Assembly  Configuration  for  3.5  Inch  Sphere-Cone  Calorimeter 
(2.5  Inch  Sphere-Cone  and  3.5  Inch  Laminar  Ablated  Shape 
Models  al.so  used  Calorimeter  Sting) 

9 Assembly  Configuration  for  1.5  Inch  Sphere-Cone  Calorimeter 
(60*  Diconic  Calorimeter  and  .75  Inch  Sphere-Cone  also  uses 
LTA  Sting) 

10  Definition  of  Thermocouple  Locations  for  2.5-lnch  Sphere 

Cone  Model 


Page 

3-3 

3-4 

3-5 

3-6 

3-7 

3-8 

3-3 

3-10 

3-11 

3-13 


U 


12 

13 

14 

15 

16 


Definition  of 
Cone  Model 

Definition  of 
Cone  Model 

Definition  of 
Cone  Model 

Definition  of 
Shape  Model 

Definition  of 


Thermocouple 

Thermocouple 

Thermocouple 

Thermocouple 


Xiocations  for 
Locations  for 
Locationc  Cor 
Locationa  for 


.75  Inch  Sphere 

1.5  Inch  Sphere 

3.5  Inch  Sphere 
X.a«inar  Ablated 


Thermocouple  Locations  for  Biconic  Model 

Cross  Section  Photomicrographs  of  Rough  Wall  Calorimeter 
Surface  Specimens 


3-14 

3-15 

3-16 


3-1? 

3-18 


3-19 


viii 


LIST  OF  FIGURES 


Configuration  for  .75  Inch  Sphere*K^one  Calorimeter  and 
Adapter 


Conf iquration  for  l.S  Inch  Sphere-Cone  Calorimeter  and 
Ada^j>.  »r 


Configuration  for  2.5  Inch  Sphere-Cone  Calorimeter  and 
Mounting  Ring 


Configuration  for  3.5  Inch  Sphere-Cone  Calorimeter  and 
Mounting  Ring 


Configuration  for  3.5  Inch  Laminar-Blunt  Calorimeter  and 
Mounting  Ring 


Configuration  for  1.5  Inch  Shoulder  Radius/60*/8°  Biconic 
Calorimeter  and  Adapter 


Protest  Photographs  ot  .75,  1.5  Sphere-Cone  Models  and 
Biconic  Model 


Assembly  Configuration  for  3.5  Inch  Sphere-Cone  Calorimeter 
(2.5  Inch  Sphere-Cone  and  3.5  Inch  Laminar  Ablated  Shape 
Models  also  used  Calorimeter  Sting) 


Assembly  Configuration  for  1.5  Inch  Sphere-Cone  Calorimeter 
(60*  Biconic  Calorimeter  and  .75  Inch  Sphere-Cone  also  uses 
LTA  Sting) 


Definition  of  thermocouple  Locations  for  2,5-Inch  Sphere 
Cone  Model 


Definition  of  Thermocouple  Locations  for  .75  Inch  Sphere 
Cone  Model 


Uet'initidn  of  Thermocouple  Locations  for  1,5  Inch  Sphere 
Cone  Model 


Oefinitsem  of  Thermocouple  Locations  for  3,5  Inch  Sphere 
Cofte  Model 


Definition  Of  Thermocouple  Locations  for  Laatiner  Ablated 
Shape  Model 


Definition  of  Thermocouple  Locations  for  Biccnic  Model 


Cross  section  Photoeicrogrephs  of  Rough  Wail  CeloriMter 
Surface  Specimens 


n 


viii 


TABLE  OP  CONTENTS 


Section  £*2£ 

1 INTRODUCTION  1 1 

2 EXPERIMENTAL  OBJECTIVES  AND  APPROACH  2~1 

3 DESCRIPTION  OF  CALORIMETER  MODELS  3-1 

3.1  Model  Fabrication  3-1 

3.2  Definition  of  Surface  Roughness  3-12 

4 TEST  CONDITIONS  4-1 

5 DESCRIPTION  OF  RECORDED  DATA  5-1 

6 TEST  RESULTS  6-1 

6.1  Data  Reduction  Technique  6-1 

6.2  Test  Data  6-3 

7 SUMMARY  OF  RESULTS  AND  CONCLUSIONS  7-1 

REFERENCES  R-1 


Autliae  pi£e  Niil 


LIST  OF  FIGURES  (Concluded) 


Figure 

17 


18 

19 

20 
21 

22 

23 

24 

25 

26 


27 


26 


29 


30 

31 

32 


Sketch  Indicating  Definition  of  Nominal  Surface  Roughness 
Height  (Surface  Traced  from  3.5  Kil  Grit  Blasted  Surface 
Photomicrograph,  SOX) 

Typical  APKL  Profilometer  Measurement  of  Nickel  200  Calori- 
meter Surface  Roughness 

Summary  of  AFML  Profilometer  RMS  Measurements 

Nominal  Test  Points  at  M^  » S.O  in  NOL  Hypersonic  Wind  Tunnel 

Effect  of  Hass  Addition  on  RMS  Pressure  Fluctuations  in 
NOL  Hypersonic  Tunnel  Mach  5 Nozzle 

RMS  Pressure  Fluctuations  in  NOL  Hypersonic  Tunnel  Mach  5 
Nozzle 

Sample  of  Measured  Thermocouple  Histories 
Sample  Shadowgraph  Photographs 

Specific  Heat  as  a Function  of  Temperature  for  Electroforwed 
Nickel  and  Nickel  200 

Thcrnal  Conductivity  as  a Function  of  Temperature  for  Electro- 
tomed  Nickel  and  Nickel  200 

Recover/  Ttn;.6i<»ture  Distribution 

Convective  Heat  Transfer  Coefficient  Distribution,  Model  4, 
Sphere  Cone,  « 2.5  Inches 

Convective  Heat  Transfer  Coefficient  Distribution,  Model  IB, 
Sphere  cone,  Rj^  ••  3.5  Inches 

Convective  Heat  Tranr^fer  Coefficient  Distribution.  Model  16, 
Sphere  Cone.  R^j  • .75  Inch 


Convective  Kcat  transfer  Coefficient  Distribution,  Model  17, 
Sphere  Cone.  “ 1-5  Inches 

Convective  Heat  Transfer  Coefficient  Oiatribation,  Model  20, 
Diconic,  R * 1.5  Inches 

Convective  Heat  Transfer  Coolficient  Distribution,  Model  19, 
Lawinar  Shape,  » 3.5  Inches 

Summary  of  Transition  Data  on  Sphere  Cone  Models 


IK 


Page 

3-21 

3-22 

3- 23 

4- 2 

4-4 

4- 6 

5- 2 

5- 9 

6- 4 

6-5 

6-6 

6-10 

6-14 

6-21 

6-27 

6-37 

6-43 


34 


7-3 


LIST  or  SYMBOLS 


I- 


f 


c 

h 

htc 

k 

K 

IP 

H 

iP 

AP^ 

P 


% 

s 


R 


s 


Re 


specific  heat 

convective  heat  transfer  coefficient 

convective  heat  transfer  coefficient 

roughness  height 

thennal  conductivity 

mass  flow  rate 

Mach  Number 

RMS  pressure  fluctuation 

noztle  cooling  pressure  differential 

pressure 

convective  heat  flux 
dynamic  pressure 

radial  distance  from  model  centerline 

K.?covety  factor 

nose  radius 

shoulder  radius 

Reynolds  Humbar 


■ -i 


X 


i 


g 

r' 


Subscripts 


LIST  OF  SYMBOLS  (Concluded) 


streainwise  distance 


wall  thickness 


temperature 


cooling 


boundary  layer  edge  property 


nozzle 


model  stagnation  point  property 


boundary  layer  recovery  property 


supply  condition 


w 


property  evaluated  at  wall  conditions 


Superscript 


free  stream  property 


sonic  point  property 


xi 


SECTION  1 


INTRODUCTION 

The  overall  objective  of  the  PANT  program  (Contract  F04701-71-C-0027)  is 
to  improve  and  validate  the  accuracy  of  existing  nosetip  design  analysis  com- 
puter codes.  Task  4.2.5  of  the  PANT  program  has  the  objective  of  defining  the 
environmental  regimes  which  produce  irregular  nosetip  shapes  and  updating  nose- 
tip  design  analysis  codes.  In  order  to  satisfy  this  objective  a series  of  wind 
tunnel  and  high  pressure  ablation  tests  was  required.  The  tests  were  designed 
to  obtain  calorimeter  and  shape  change  data  for  geometries  and  environments  of 
interest.  TJ'e  objectives  of  the  four  test  series  are  given  below. 

50  MW  Arc  Heater  Tests  - Test  ATJ-S  graphite,  Mod-Ill  carbon/carbon,  and 
reverse  chevron  carbon  phenolic  nosetip  models  in  the  50  MW  arc  us- 
ing  a = 3 nozzle  to  assess  the  transition  behavior  and  shape 
change  response  of  "real"  materials  in  a hyperthermal  environment. 

Series  H Wind  Tunnel  Tests  - Generate  heat  transfer  data  for  a calori- 
meter replica  of  an  LTA  scallop  roughened  surface  for  comparison 
with  inferred  heat  transfer  data  and  predictions. 

Series  I Wind  Tunnel  Tests  - Generate  low  temperature  ablator  (LTA) 

shape  change  data  to  determine  the  effect  of  relevant  nosetip  para- 
meters on  the  formation  and  extent  of  irregular  shapes. 

Series  J Wind  Tunnel  Tests  - Generate  heat  transfer  data  which  show  the 
effect  of  surface  roughness  and  model  size  on  boundary  layer  transi- 
tion and  heating  augmentation. 

The  50  MW  tests  were  conducted  in  the  RENT  leg  of  the  50  MW  arc  facility 
at  the  Air  Force  Materials  Flight  Dynamics  Laboratory.  Test  series  H and  J 
were  conducted  in  Tunnel  No.  8 at  the  Naval  Ordnance  Laboratory  (NOL)  from  Feb- 
ruary 21  to  February  26,  1974.  Test  Series  I was  conducted  at  NOL  from  March 
27  to  April  4,  1974. 

These  test  series  compliment  Series  E and  G which  were  directed  at  ob- 
taining pressure  data  on  nosetips  of  irregular  shape.  A brief  description  of 
these  two  test  series  is  given  below: 


Series  S (Task  4.2.3)  - Generate  high  frequency  pressure,  acceleration, 
and  shock  shape  stability  data  to  establish  the  possibility  of  high 
frequency  flow  field  pulsations  on  ablated  nosetip  shapes. 

Series  G (Task  4.2.7)  - Generate  high  frequency  pressure,  acceleration, 
and  shock  shape  stcibility  data  to  determine  the  envelope  of  roalistic 
nosetip  shapes  which  induce  high  frequency  flow  field  pulsations. 


Test  Series  E and  G were  conducted  in  NOL  Tunnel  No.  8;  Series  E was  con- 
ducted in  October  of  1972  and  Series  G was  conducted  from  July  25  to  August  1, 
1973.  The  results  of  Series  G are  reported  in  Reference  1. 

This  data  report  presents  the  results  of  Test  Series  J.  The  test  objec- 
tives are  defined  -in- Section  2,  and  the  calorimeter  models  are  described  in- 
fection 3.  A description  of  the  wind  tunnel  facility  and  test  matrix  is  given 
in  Section  4.  A brief  overview  of  the  recorded  data  is  presented  in  Section  5, 
and  the  reduced  data,  in  terms  of  heat  trcmsfer  coefficients,  are  presented  in 
Section  6,  Conclusions  are  given  in  Section  7. 
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SECTION  2 

EXPERIMENTAL  OBJECTIVES  AND  APPROACH 

Prior  to  the  P2\NT  program,  data  were  not  available  to  accurately  charac- 
terize the  effects  of  material  surface  roughness  on  boundary  layer  transition 
forward  of  the  sonic  point  on  a reentry  nosetip.  The  PANT  Series  A tests  (Ref- 
erence 2)  generated  a substantial  data  base  from  which  to  aSisess  the  importance 
of  surfar.'  rc-ghness  on  boundary  layer  transition.  Subsequent  correlation  (Ref- 
ence 3>  cf  the  Series  A test  data,  however,  indicated  the  need  for  additional 
transition  data  in  order  to  define  the  effects  of  body  shape  and  size  on  rough- 
wall  bouriary  layer  transition. 

The  basis  of  the  Series  roughwall  transition  experiments  was  formulared 
in  Reference  4.  In  this  reference,  pertinent  transition  data  were  compared  to 
the  correlations  developed  in  Reference  3.  Deficiencies  in  the  data  base  were 
noted  and  an  experimental  test  program  was  developed.  As  identified  in  Refer- 
ence 4,  the  primary  test  obieccives  were 

e To  evaluate  the  effect  of  body  size  on  transition  onset  and  location 

• To  evaluate  the  effect  or  body  shape  on  transition  onset  and  location 

Secondary  objectives  were  to  obtain  additional  data  on  the  effect  of  the  wall 
cooling  ratiO,  (T  /T  ) , c.i  rough  wall  boundary  layer  transition  and  to  obtain 

W 

additional  data  relative  to  rough  wall  heating  augmentation. 

The  above  objectives  were  accomplished  by  testing  six  calorimeter  models 
in  the  NOL  Tunnel  nvuiljer  0 at  a frer  stream  Mach  number  of  5 and  ov».=sr  a sonic 

point  unit  Reynolds  number  (Re*)  range  from  .42  to  7,40  x 10*/ft.  Four  of  the 

six  models  were  sphere  cones  having  nose  radii  of  0.75,  1.5,  2.5  and  3.5  inches. 
The  cone  half  angle  for  these  models  was  3 degrees.  The  two  remaining  models 
were  a 60  degree  biconic  model  and  a luninar  ablated  shape  model.  All  of  the 
models  were  grit  blasted  to  obtain  a uniformly  distributed  roughness  of  approxi- 
mately 3.5  mils. 


SECTION  3 

DESCRIPTION  OF  CALORIMETER  MODELS 


The  calorimeter  models  are  described  here;  details  of  model  fabrication 
are  discussed  in  Section  3.1,  and  the  surface  roughness  is  characterized  in 
Section  3.2. 

3.1  MODEL  FABRICATION 

The  six  calorimeters  used  in  the  Series  J experiments  are  listed  in 
Ted)le  1.  The  individual  configurations  are  shown  in  Figures  1 through  6.  The 
2.5  inch  sphere  cone  (model  number  4)  is  from  the  PANT  Series  A tests  (Refer- 
ence 2).  This  model  was  fabricated  by  electroforming  nickel  on  an  aluminum 
mandrel  anvl  then  machining  the  shell  to  nominal  wall  thickness  of  0.080  inch. 

At  this  point,  the  shell  configurstion  was  weighed  and  the  wall  thickness 
measured.  Thv^  shell  was  then  roughened  via  grit  blasting  and  reweighed.  The 
base  of  the  shell  was  electron  beam  welded  to  a stainless  steel  flange  to 
facilitate  mounting  in  the  tunnel.  The  five  other  models  were  machined  from 
wrought  nickel  200  to  nominal  wall  thickness  of  0.080  inch.  The  models  were 
weighed  and  wall  thickness  measurements  taken.  The  models  were  then  grit 
blasted  over  the  entire  instrumented  surface,  and  reweighed.  Pretest  photo- 
graphs of  the  0.75  inch  sphere  cone  calorimeter,  1.5  inch  sphere  cone  calorim- 
eter and  the  60*  biconic  calorimeter  model  are  given  in  Figure  7, 

Models  4,  18  and  19  were  bolted  to  a stainless  steel  back  plate  and 
attached  to  the  calorimeter  sting  assembly  as  depicted  in  Figure  8.  For  the 
remaining  models,  16,  17  and  20,  conical  stainless  steel  adapters  were 
machined  and  attached  to  the  models  with  four  set  screws  spaced  90  degress 
apart,  as  illustrated  in  Figures  1,  2 and  6.  The  conical  adapter  for  1.5  inch 
sphere-cone  model  and  the  60  degree  biconic  model  were  8 degree  truncated  cones, 
whereas  for  the  0.75  inch  sphere-cone  model  the  adapter  was  a 12  degree  trun- 
cated cone.  TVelve  degrees  wa^.  selected  in  order  to  minimize  both  the  length 
of  the  adapter  and  the  extent  of  laminar  boundary  layer  separation.  The  coni- 
cal stainless  s -eel  adapters  were  attached  to  the  low  temperature  ablator  st''ng 
assembly  as  indicated  in  Figure  9. 
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TABLE  1 

HOOEL  DEFINITION 


Hodel 

“-mber 

Configuration 

Figure 

4* 

Sphere-cone,  2.5  inch  nose  radius/ 
8 degree  cone  half  angle 

3 

16 

Sphere-cone,  0.75  inch  nose  radius/ 
8 degree  cone  half  angle 

1 

17 

Sphere-cone,  1.5  inch  nose  radius/8 
degree  cone  half  angle 

2 

18 

Sphere-cone,  3.5  inch  nose  radius/8 
degree  cone  half  angle 

4 

19 

Laminar-blunt  shape,  3.5  inch  shoul- 
der radius 

5 

20 

BIconIc,  .25  Inch  nose  radius/60 
degree  forecone  half  angle/8  degree 
aftcone  half  angle 

6 

*Hodel  was  previously  tested  the  PANT  Series  A program. 
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The  instrvunentation  employed  on  the  calorimeter  models  consisted  of 
spot  welding  chromel/alumel  thermocouples  to  the  Interior  surface  of  the 
models.  The  chromel/alumel  thermocouples  were  fabricated  from  36  gauge  (5  mil) 
wire  and  special  connecting  pins  were  Installed  on  the  ends  of  the  wires  for 
ease  of  Installation  during  model  setup  at  the  wind  tunnel  facility.  The 
thermocouple  locations  for  the  calorimeter  models  are  defined  In  Figures  10 
through  15.  As  Indicated  by  these  figures/  the  number  of  thermocouplee  for 


each  calorimeter  are  as  follows: 

Model  Configuration  No.  of  TC's 

.75  inch  sphere  cone  39 

1.5  Inch  sphere  cone  58 

2.5  inch  sphere  cone  78 

3.5  Inch  sphere  cone  78 

3 . 5  Inch  laminar  ablated  shape  7 8 

60®/8®  biconic 


3.2  DEFINITION  OP  SURFACE  ROUGHNESS 

A nominal  peak-to-valley  roughness  height  of  3 mils  was  selected  for  the 
Series  J calorimeter  models.  This  roughness  height  normalized  by  either  the 
boundary  layer  momentum  thickness  or  displacement  thickness  obtainable  in  the 
NOL  hypersonic  wind  tunnel  on  the  Series  J models  closely  simulates  k/6  or 
k/6*  for  nosetip  materials  such  as  carbon  composites  or  ATJ-S  over  the  flight 
range  of  interest.  The  roughening  technique  used,  grit  blasting,  yields  a 
uniformly  distributed  roughness  character,  which  in  addition  closely  simulates 
the  surface  roughness  character  of  an  ablating  graphite  (Reference  5) . 

As  indicated  above,  model  number  4 was  previously  fabricated  for  the 
Series  A test  program.  The  nominal  peak-to-valley,  surface  roughness  was 
determined  to  be  3 mils  by  photomicrographs  and  profilometer  measurements  (Ref- 
erence 5).  These  same  techniques,  l.e.,  cross  section  photomicrographs  and 
profilometer  measurements,  were  used  to  characterize  the  surface  roughness 
height  on  the  Series  J models. 

The  procedure  for  obtaining  cross  section  photomicrographs  Is  briefly 
outlined  below.  Specimens  of  Nickel  200  were  grit  blasted  simultaneously  with 
the  actual  models.  These  specimens  were  compared  visually  with  the  actual 
models  and  were  found  to  be  quite  representative  of  the  surface  roughness 
obtained  on  the  models.  The  specimens  were  carefully  cross  sectioned  and 
photomicrographs  taken.  Figure  16a  shows  two  photomicrographs  of  a Nickel  200 
cample.  Whereas,  Figure  16b  (taken  from  Reference  2)  shows  a photomicrograph 
of  an  electroformed  nickel  sample.  Note  that  the  captions  in  these  figures 
give  specific  details  relative  to  the  fabrication  of  each  roughness. 
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Definition  of  Thermocoupl 


Thernsocoupl 


n.  Oeffnttton  of  Thermocouple  locations  for  3.5  Inch  Sphere  Cone  Model 


IS,  OefJ 


Nominal  3.5  Mil  Roughness,  Mcket  200 
50x 

Grit  Blasted  Using  G*18  Steel  Grit 
Pressure  Fed  Guo,  Supersonic  Nozile, 
too  psi 


!».  Ncrtinai  3.0  Kil  i>ftaugh««ss,  tlcctraforwed  Nickel 
SOt 

Grit  G-l*i  Steel  Grit 

Pressure  f&i  Gu«,  Su&ersoeie  tojele,  lOO  dn’ 


Figure  16,  Crete  Sectiof*  Ft>otQo*itrograp*is  a?  RougN 
Ii4tl  Caloriwfler  Scrface  Sp^iwens 
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From  the  lower  photomicrograph  shown  in  Figure  16a»  a “nominal'* 
roughness  height  can  be  determined  as  illustrated  in  Figure  17.  Note  that 
this  measurement  considers  the  distance  between  the  significant  peaks  and 
the  significant  valleys,  but  is  not  the  distanca  from  t-he  very  highest  peak 
to  the  lowest  valley. 

Profiloeeter  measurements  of  the  surface  rcughness  were  also  carrlcid 
out  for  the  Nickel  200  specimens  by  the  Air  Force  Materials  Laboratory.*  A 
recording  Talysurf  profilometer  was  used,  and  data  was  analyzed  using  the 
SURFR  computer  progreua  (Reference  6)  which  computes  BMS  roughness,  roughness 
amplitude  probability  density,  peak  height  distribution,  Burnett  roughness 
integral,  etc.  This  program  also  produces  a computer  plot  of  the  roughness 
profile. 

Figure  16  shows  a typical  roughness  profile  output  by  the  SUBPR  pro- 
gram for  a Nickel  200  grit  blasted  sample.  As  can  be  seen  in  this  figure  the 
distance  between  the  high  peaks  and  low  valleys  is  about  3S00  microinches 
or  3.5  mils. 

A total  of  seven  profilometer  traces  were  made  on  the  Nickel  200  sample. 
The  HMS  roughness  range  was  from  .663  mil  to  1.16  mils  with  a mean  RMS  value 
of  .908  mil.  It  was  found  in  Reference  5 that  the  peak-to-valley  roughness 
height  was  approximately  3.6  times  the  RMS  roughness  height.  Figure  19  illus- 
trates this  relationship  for  both  the  electrofortaed  nickel  calorimeters  (Series 
A)  and  the  Nickel  200  Calorimeters  (Series  J) . The  fact  that  this  relationship 
exists  indicates  consistency  between  assigned  peak-to-valley  roughness  heights 
and  measured  R.MS  roughness  heights. 

in  summary,  the  peak-to-valley  roughness  height  for  the  Series  J models 
fabricated  from  Nickel  200  is  3.5  mils.  Although  the  Nickel  200  calorimeter 
models  are  rougher  than  the  3 oil  electroformed  nickel  calorimeter,  the  data 
presented  above  indicates  that  the  roughness  character  is  basically  very 
similar. 


*These  measueemersts  tfere  performed  through  Kr.  Cary  of  AFKL/MXS.  Hr. 

Canaan's  aseistaocs  in  this  regard  is  gratefully  acknowledged. 
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Calorimeter  Surface  Roughness 


SECrXOH  4 
TEST  COHOITIONS 

The  wind  tunnel  selected  for  the  Series  J experiments  was  Tunnel  Nujaber 
8 at  the  Naval  Ordnance  Laboratory  (NOL) . This  tunnel  was  chosen  based  on  its 
capability  of  producing  large  enough  sonic  point  unit  Reynolds  numbers  to  pro- 
mote blunt  body  boundary  layer  transition  (Reference  7).  The  NCL  Tunnel  Num- 
ber 8 is  an  intermi . .c-nt  blowdown  hypersonic  wind  tunnel  in  which  heated  air 
is  the  working  gas.  Air  is  compressed  and  stored  in  high  pressure  containers. 
In  transit  to  the  norzle«  the  air  is  heated  in  a pebble  bed  heater  which  can 
be  supplemented  by  an  electric  resistance  heater  when  the  required  air  temper- 
ature exceeds  1150“P.  The  tunnel  has  an  open  jet  test  section  and  a constant 
geometry  diffuser.  Nozzle  selection  is  dependent  on  the  required  Mach  number. 

The  free  stream  Mach  nunber  for  this  test  series  was  = 5.  The  asso- 
ciated nozzle  is  rectangular  with  throat  dinenslons  of  0,642  inch  by  16.00 
inches  and  exit  dimensions  of  17,37  inches  by  16.97  inches.  The  resulting 
Reynolds  number  operating  envelope  at  Hach  5 is  presented  in  Figure  20  as  a 
function  of  supply  temperature  and  pressure.  Superimposed  on  this  figure  are 
the  nominal  operating  conditions  which  were  run  during  this  test  series.  The 
average  measured  test  conditions  are  summarised  in  Tabic  2. 

At  the  supply  temperatures  required  for  the  Series  J experiments,  film 
cooiitvj  of  the  nossle  throat  is  necessary  in  order  to  prevent  nozzle  degrada- 
tion. Prior  to  this  test  series  NOL  performed  detailed  flow  measureaeafes  in 
the  Kach  5 no;zie  in  order  to  establish  the  effect  film  cooling  on  the  test 
section  flow  field  (Reference  8).  These  taeasurements  included  frae'^stream 
Kach  number,  total  temperature,  flow  angularity,  and  pressure  fluctuations. 

Of  these  parameters,  pressure  fluctuation^  were  found  to  be  most  sensitive  to 
film  cooling  rates.  This  Is  wlgnif leant  since  these  fluctuatioos  may  severely 
affect  the  interpretation  of  boundary  layer  transition  data. 

Indeed,  the  subject  of  wind  tunnel  noise  and  its  affect  on  boundary 
Layer  transition  has  been  discussed  many  times  in  the  literature,  see  for 
instance.  References  9,  10  and  11.  For  hypersonic  > 3)  wind  tunnels  the 
prisary  mode  Of  aerodynamic  noise  is  believed  to  be  the  sound  waves  originating 
from  the  turbulent  tunnel  wall  boundary  layers,  this  type  of  disturbance  mani- 
fests itself  primarily  in  the  form  of  pressure  fluctuatioos.  Figuafe  21  (taken 
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TABLE  2 


ACTUAL  TEST  CfADlTIOHS  FOR  PART  SERIES  J HIND  TUNNEL  TESTS 


Itodel  Description** 


2.5  in.  R|^  Sphere/cone 


3.5  in.  R|^  Sphere/cone 
! 


Ts  Ps 

C'F)  (psTa) 


16  .75  in.  Rjj  Sphere/cone 


17  1.5  in.  R^  Sphere/cone 


Conditions 


Film  Cooling 
fiPf 

(psl) 


Free  Stresm  Conditions 


(lOVft) 


(lOVft) 


o,os  ayo 


Figure  21.  Effects  of  Mass  Addition  on  RMS  Pressure  Fluctuations 
in  NOL  Hypersonic  Tunnel  Mach  5 Nozzle 
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II  from  Reference  8)  illustrates  the  root  mean  square  pressure  fluctuations  (AP) 
p normalized  by  the  dynamic  pressure  (q^)  as  a function  of  the  mass  flow  cooling 
I rate  (m^)  normalized  by  nozzle  flow  rate  {m^) . Two  points  should  be  noted. 

I First,  film  cooling  does  not  affect  the  pressure  fluctuations  providing  the 

t- 

I'  cooling  rates  are  less  than  10  percent  of  the  nozzle  flow  rate.  For  higher 

m^^/mj^,  AP  increases  substantially.  Second,  the  pressure  fluctuations  increase 
I with  decreasing  supply  pressure  or,  more  conventionally,  with  decreasing  free- 
V stream  unit  Reynolds  number  (Re^) . Figure  22  illustrates  this  tend.  The  data 
S upon  which  this  figure  is  based  was  obtained  for  less  than  0.1. 

From  the  data  presented  in  Figure  21  the  normalized  RMS  pressure  fluc- 
tuations can  be  estimated  for  each  run.  This  was  accomplished  by  relating  the 
; film  cooling  pressure  differential  given  in  Table  2 to  m^/m^j.  The  resulting 
normalized  mass  cooling  rate  and  pressure  fluctuations  are  summarized  in  Table 
3 for  each  run. 

The  dependency  of  the  pressure  fluctuations  on  the  film  cooling  mass 
flow  rate  indicated  an  interesting  aside  to  the  primary  test  objectives.  By 
■'  increasing  the  coolant  mass  flow  it  is  possible  to  increase  the  aerodynamic 

j noise  level  of  the  tunnel,  and  therefore  obtain  data  on  the  effects  of  noise  on 

transition.  This  was  tried  for  two  models  (4  and  17) , cf . Runs  601-602  and  625 
and  626.  Unfortunately,  for  Runs  601  and  602  the  supply  conditions  varied 
enough  between  the  runs  to  negate  the  usefulness  of  this  procedure.  For  Runs 
625  and  626,  however,  this  procedure  resulted  in  approximately  a 30  percent  dif- 
ference in  AP/q^  with  essentially  constant  supply  conditions. 

As  shown  in  Section  6,  both  Runs  625  and  626  were  laminar,  indicating  for 
these  conditions  that  boundary  layer  transition  was  not  affected  by  wind  tunnel 
noise. 
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SECTION  5 


DESCRIPTION  OF  RECOFOED  DATA 

The  primary  reduced  data  from  the  Series  J wind  tunnel  tests  were  heat 
transfer  coefficient  distributions  caXculared  from  the  recorded  thermocouple 
data  for  the  calorimeter  models.  The  primary  data  recorded  for  each  calorimeter 
run  were: 

• Temperature  a?  a function  of  tiire  for  all  thermocouples 

• Test  section  supply  temperature  and  pressure  as  a function  of  time 

a Sting  (or  modelj  position  as  a function  of  time 

• Approximately  3 Schlieren  pictures. 

The  paragraphs  below  briefly  describe  the  primary  recorded  data. 

At  the  NOL  wind  tunnel  test  facility,  a 14>channel  digital  recorder  is 
used  for  recording  the  teat  titao,  the  supply  pressure,  the  supply  temperature, 
and  the  thermocouple  temperatures.  This  recorder  has  a sampling  (or  sweep) 
rate  of  0.056  second  (i.e..  aii  channels  are  recorded  every  0.056  second).  Of 
the  fourteen  channels,  on*y  thirteen  are  available  for  recording  the  above  data. 
The  test  titaa,  supply  temperature,  and  supply  pressure  are  each  recorded  on  a 
separate  channel,  leaving  lo  channels  for  recording  temperature  responses  of  the 
thermocouples.  These  io  channels  were  multiplexed  such  that  data  froc:  eavh  ther 
mocouple  were  sampled  least  every  0,392  second. 

The  th^trmocouplc  data  obtained  from  the  calorimeter  runs  were  of  excel- 
lent quality  and  sstf^ile*  of  typical  temperature  vs.  time  plots  .sre  shown  in 
Figure  53.  Jn  this  figure,  the  digital  recorder  was  turned  on  at  scfc-  time. 

The  tnitiai  calorimeter  shell  te<R|wratures  were  below  local  ambient  tcmjiera- 
tore*  before  the  model  entered  the  test  stream,  low  initial  temperatures  were 
achieved  by  precooling  the  model  using  a portion  of  the  available  g.ir  supply. 

The  thermocouple  data  presented  in  Figure  23  are  sample*  each  of  the  cal- 

orimeter model*.  The  nominal  free  stream  sonic  point  unit  R«yi«slds  number  (Se*) 
for  these  runs  is  2 s 10*/ft.  The  thersxicouples  presented  in  this  figure  »tm 
located  in  the  vicinity  of  the  sonic  point.  A discussion  of  the  technique 
used  to  curve  fit  these  temperature  histories  is  given  in  Section  6. 
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f<gi4f/;  23,  Ssjsple  of  Heasursd  Thermocouple  Histories 

4'.  2,5  Inch  Sphere  Cone  Model  Run  603, 

Therrvoicouple  )0 


030 


RUN  fiNO  UP  6150025 


.75  Inch  Sphere  Cone  Model 
Ran  615,  ThermocoHple  25 


pnri  TCP  618000 


ftuh  fiND  KP  6?90007 


tatninar  Ablated  Kodel 
Run  633,  Thermocouple  10 


Shadowgraph  photographs  were  taken  in  order  to  define  the  shock  shapes 
and  to  determine  if  any  flow  anomalies  were  occuring.  The  photographs  were  ob- 
tained by  using  an  off  axis  "Z”  Schlieren  system  (Reference  6) , a spark  light 
source  and  7Gmm  film.  During  selected  runs  for  the  smaller  nose  radius  models, 
close-up  flow  shadowgraphs  were  taken  in  order  to  adequately  define  the  shock 
shape.  Th«se  photographs  were  taken  using  only  one  half  of  the  schlieren  sys- 
tem, i.e.,  a parallel  light  beam  was  projected  directly  into  the  camera  instead 
of  reflecting  it  on  the  second  parabolic  mirror.  Figure  24  presents  a sample 
shadowgraph  for  each  model  configuration.  Close  up  shadowgraphs  are  also  in- 
cluded for  the  .75  inch  sphere  model  and  the  biconic  model. 


SECTION  6 
TEST  RESULTS 

The  experimental  data  recorded  during  the  Series  J tests  provide  the 
basis  for  satisfying  the  test  objectives.  However,  the  determination  of  whether 
or  not  these  objectives  have  been  satisfied  can  be  made  only  after  the  experi- 
mental data  have  been  reduced  and  analyzed.  The  reduced  data  and  comparison  of 
this  data  to  analytical  predictions  are  given  in  this  section.  The  data  reduc- 
tion technique  is  reviewed  in  Section  6.1  and  heat  transfer  coefficient  distri- 
butions are  presented  in  Section  6.2. 

6.1  DATA  REDUCTION  TECHNIQUE 

For  continuous  thick-skin  calorimeter  models  used  in  ths  test  series  the 
temperature  rise  rate  across  the  thickness  of  the  shell  is  constant  after  ap- 
proximately 0.2  second.  After  this  initial  response  time  and  assuming  negligi- 
ble circumferential  heat  conduction  and  negligible  heat  losses  from  the  interior 
surface  of  the  calorimeter  shell,  the  local  incident  heat  flux  including  stream- 
wise  heat  conduction  can  be  expressed  as 

where 

- incident  heat  flux 
p - calorimeter  density 
c - calorimeter  specific  heat 
t - wall  thickness 
T - thermocouple  temperature 
0 - time 

s - streamwise  distance 

K - calorimeter  thermal  conductivity 

r - radial  distance  from  model  centerline  to 
thermocouple  location 
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The  validity  of  the  above  aeauniations  have  been  examined  in  detail  and  were 
found  to  be  adequate  for  continuous  thick  skin  calorimeters:  see  Appendix  B of 
Reference  3.  As  a point  of  interest  for  this  test  series,  the  magnitude  of  the 
streamwise  heat  conduction  term,  (1/r) 3/3s tKtr (3T/3s) 1 , is  less  than  10  percent 
of  the  total  incident  heat  flux  for  all  models  except  the  .75  inch  sphere  cone 
model.  This  is  true  only  near  the  beginning  of  a particular  test,  since  the 
contribution  of  the  streamwise  heat  conduction  term  increases  with  time.  The 
importance  of  including  the  streamwise  heat  conduction  term  is  not  in  the  magni- 
tude of  heat  flux  at  given  location,  but  more  in  the  trend  of  the  data  particu- 
larly near  the  transition  location  where  slight  differences  can  influence  the 
interpretation  of  the  transition  location. 

As  can  be  seen  from  Equation  (1) , the  spatial  temperature  distribution 
must  be  known  as  well  as  the  slope  of  the  temperature  history.  This  information 
can  be  obtained  frot,%  vhe  thermocouple  temperature  data.  It  is  necessary,  how- 
ever, in  terms  of  both  data  handling  and  accuracy  to  first  curve  fit  the  thermo- 
couple temperature  data.  This  was  accomplished  using  the  splined  quadratic 
least  squares  curve  fit  technique  described  in  Appendix  A of  Reference  3.  Each 
quadratic  was  least  squares  fit  to  six  data  points  with  the  number  of  splined 
quadratic  curves  depending  upon  the  test  duration.  Typically,  the  lower  Rey- 
nolds number  (Re*  < 4)  runs  had  from  10  to  13  quadratic  segments.  Data  points 
prior  to  0.2  second  initial  response  time  were  not  included. 

In  the  actual  application  of  Equation  (1) , the  spatial  terms  were  writ- 
ten in  standard  difference  form.  The  thermocouple  locations  were  taken  as  no- 
dal points,  which  worked  out  quite  well  since  the  spacing  between  individual 
thermocouples  was  close  enough  to  yield  a good  resolution  of  the  temperature 
field  at  the  time  of  interest.  For  purposes  of  this  data  report  the  slope  of 
the  termperature  histories  and  the  surface  temperatures  were  evaluated  at  0 « 1 
second  for  all  models  except  the  .75-inch  sphere  cone  model,  which  were  evalu- 
ated at  0 » .5  second. 

Two  techniques  wore  used  to  determine  the  temperature  distribution  for 
use  in  determining  the  streamwise  conduction  term  in  Equation  (1).  For  the 
larger  models,  i.e..  3,5-inch  sphere  cone,  2.5-inch  sphere  cone  and  the  Isminar 
ablated  shape  calorimeters,  the  circumferential  temperatures  at  a given  lo- 

cation or  nodal  point  wore  averaged.  For  the  rcaraining  models,  the  positioning 
of  the  thermocouples  required  a slightly  different  approach.  A beat  fit  curve 
was  drawn  through  the  temperature  data.  This  was  done  in  order  not  to  weight 
those  temperatures  on  the  staggered  ray  (refer  to  Figure  11,  Section  3)  more  than 
the  other  rays. 
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In  adi^ition  to  the  curve  fitted  temperature  data,  the  thermal  proper- 
ties of  the  calorimeter  models  are  required.  As  indicaited  in  Section  3,  the 
2.5~inch  calorimeter  was  fabricated  from  electroformed  nickel  whereas  all  other 
models  were  machined  from  Nickel  206.  the  specific  heats  and  thermal  conduc- 
tivities for  these  two  materials  are  summarized  in  Figures  25  and  26,  respec- 
t'.vely.  the  density  for  both  electroformed  Nickel  and  Nickel  200  was  taken  as 
555  Ibm/ft’  (References  12,  13). 

Having  obtained  the  incident  heat  flux,  the  heat  transfer  coefficient  was 
determined  according  to 


h 


(2) 


where 


h - convective  heat  transfer  coefficient 
tj.  - boundary  layer  edge  recovery  temperature 

- wall  temperature  of  thermocouple  of  interest 

the  recovery  temperature  was  calculated  using  the  following  equat'^on: 


h' 


e 


(3) 


where  the  recovery  factor  (B^)  was  taken  to  be  .85.  The  boundary  layer  edge 
•Wach  number,  M , was  calculated  for  all  model  configurations  using  the  SAANT 
code  (Reference  14) . The  resulting  ratios  of  recovery  temperature  to  model 
stagnation  point  temperature,  ty/To,  are  given  in  Figure  2~i  for  the  sphere  cone 
laodels,  laminar  ablated  shape  model  and  biconic  model,  respectively. 


6,2  TEST  DATA 

In  this  report,  heat  transfer  coefficient  distvibutions  are  presented 
in  terms  of  the  normalised  stroarewisG  surface  location,  and  meridian 

cation.  The  streaawise  surface  location  was  either  with  r»^4|»eet  to 

the  nose  radius  (Sphere  cone  models)  or  local  Stagnation  (Joint  radius  of  curva^ 
ture  (laminar  shape  model).  For  the  bicooic  model.  howev«ir>  s was  ner*aii5cd 
by  1.45  inches.  This  information  as  well  a#  the  roug'hnoss  height  (k)  . /na- 
tion point  pressure  (PO)  and  temporatura  (TO)  , sonic  point  onit  Reynoldi'-  ussici 
(RE*)  and  stagnation  point  wall  tem^rature  (TV‘)  arc  sustmarised  oh  each  beet 
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transfer  coefficient  plot.  In  addition  to  the  thermocouple  data,  laminar  and 
fully  turbulent  predictions  are  also  included  for  each  run.  These  predictions 
vere  made  using  the  SAJWT  code. 

Heat  transfer  coefficient  distributions  arc  presentctd  as  follows: 


• 

Model 

Number 

4 

(k  « 3.0  tails. 

2. 5“ inch  sphere  cone) 

Figure 

28 

• 

Model 

Nk>mber 

1& 

(k  =»  3.5 

mils. 

3.5-inch  sphere  cone) 

Figure 

29 

• 

Model 

Number 

16 

(k  « 3.5 

mils. 

•75-inch  sphere  cone) 

Figure 

30 

• 

Model 

Number 

IV 

(k  - 3.5 

mils. 

1.5-inch  sphere  cone) 

Figure 

31 

• 

Model 

Number 

20 

(k  » 3.5 

mils. 

Biconic) 

Figure 

32 

• 

Model 

Number 

19 

{k  = 3.5 

mils. 

Laminar  Ablated  Shape) 

Figure 

33 

Throughout 

these 

figures,  ^ 

abnormal  data  have  been  deleted.  The 

criterion  for 

establishing  a bad  data  point  was  to  look  at  both  the  raw  and  fitted  temperature 
data  identifing  those  data  exhibiting  extreme  noise,  no  or  little  response,  etc. 
A discussion  of  the  results  presented  in  the  above  figures  ia  given  in  the  fol- 
lowing section 
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Figure  28.  Concluded 

d.  Run  604  (Re„  - 3.67  x lOVft) 
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Figure  30.  Cr.nvective  Ke«t  Trennfer  Coefficient  Oistribction, 
Model  16.  Sphere  Cone,  R^.  • .75  Inch 

4.  Run  Kc.  61?  {Re^  » 3.98  » 10^/ft) 
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Figure  31.  Convective  Heat  Transfer  Coefficient  Distribution, 
Model  17,  Sphere  Cone,  Rj^  = 1.6  Inches 

a.  Run  No.  618  (Re,^  = 1.87  x 10‘/ft) 
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Figure  32.  Continued 

c.  Run  No.  630  (Re„  = 1.06  x 10‘/ft) 
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Figure  33.  Continued 

d.  Run  No.  637  (Re„  » .98  x lOVft) 
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SECTION  7 


SUMMARY  OF  RESULTS  AND  CONCLUSIONS 

The  PANT  Series  J experiments  provide  the  basis  for  evaluating  tht  ade- 
quacy of  existing  rough  uall  boundary  layer  transition  correlations.  D^t^iled 
analysis  of  this  data  is  not  included  here;  however  some  comments  relstive  to 
the  test  series  are  warrented.  These  comments  are  limited  to  calorimeter  model 
perfortoance  and  data  trends. 

Calorimeter  Model  Performance 

In  general  the  quality  of  the  Series  J data  is  quite  good.  For  all  mo- 
dels there  is  little  or  no  ambiguity  in  interpreting  the  transition  location 
for  a particular  test  point.  The  data  scatter  at  a streamwise  location  is 
within  acceptable  experimental  accuracy  and  indicates  probably  only  slight  dif- 
ferences in  thermocouple  location,  thermocouple  attachment  and/or  transition 
location.  Additionally,  this  lack  of  data  scatter  also  illustrates  that  the 
surface  roughness  was  uniformly  distributed  over  the  calorimeter  surface. 

The  individual  heat  transfer  coefficients  are  calculated  using  a simpli- 
fied energy  equation  which  accounts  for  variations  in  calorimeter  thermal  pro- 
perties, wall  thickness  as  well  as  streamwise  heat  conduction  along  the  calori- 
meter shell.  The  accuracy  of  this  method  is  verified  by  both  the  quality  and 
the  consistency  of  the  data. 

Data  Trends 

One  of  the  more  interesting  effects  iliuSitrated  by  tluj  Series  J data  is 
the  dependency  of  boundary  layer  tra»sitio.*\  on  body  sice.  Figure  It  summarises 
the  data  obtained  on  the  sphere  cone  m-odels  in  terms  of  sonic  fKiint  unit  Rey- 
nolds number  and  nose  rad^LUS.  The  data  presented  here  are  for  a ft<'ts'ly  con- 
stant wall  cooling  ratio,  T^/T^-  Although  somewhat  subjeictive.  th..s  figure 
illustrates  as  the  nose  radius  decreases  the  txjundary  layer  tends  to  be  more 
stable.  Larger  Re*  is  required  to  promote  boundary’  layer  ■vraiigitioh  oft  the 
smaller  nose  radi'-a  «>dels. 


As  indicated  in  Section  4,  Runs  625  and  626  were  tested  at  near  constant 
supply  conditions  but  with  a 30  percent  increase  in  the  aerodynamic  noise  level 
for  Run  626.  Figure  34  indicates  that  the  boundary  layer  for  both  runs  re- 
mained lairdnar.  This  result  implies  that  the  boundary  layer  transition  is  pro- 
bably roughness  dominate.  The  evidence  is  not  conclusive  however,  since  the 
data  base  is  neither  large  enough  nor  varied  enough  to  fully  assess  the  effects 
of  tunnel  noise. 

Another  interesting  point  highlighted  by  the  Series  J data  is  boundary 
layer  relaminization  which  existed  to  some  degree  on  all  models  except  the  la- 
minar ablated  shape  model.  A good  example  of  this  phenomenon  is  illustrated  in 
Figure  32(f)  for  the  biconic  model  (Run  633).  Even  at  the  relatively  high  Rey- 
nolds number  (Re*  = 5.32  x 10®/ft)  there  is  partial  relaminarization  in  the  cor- 
ner region. 

One  should  also  note,  that  the  SAANT  solutions  adequately  predict  the 
fully  turbulent  heat  transfer  coefficient  distributions  for  all  mod'-ls  except 
the  biconic  model.  The  agreement  between  predicted  and  measured  heat  transfer 
coefficients  for  the  sphere  cone  models  substantiates  the  correlation  of  heat- 
ing augir«entation  due  to  roughness  recommended  in  Reference  5.  A brief  study 
was  performed  to  assess  the  descrepancy  between  the  measured  and  predicted  heat 
transfer  coefficients  for  the  biconic  model.  This  study  showed  that  the  cur- 
rent shock  correlation  in  SAANT  was  inadequate  for  the  biconic  model,  and  caused 
overprediction  of  the  boundary  layer  edge  entropy. 

In  summary,  the  rough  wall  calorimeter  data  was  of  excellent  quality  and 
provides  the  basis  for  a better  understanding  of  rough  wall  boundary  layer  tran- 
sition. 
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Figure  34.  Sumnary  of  Transition  Data  on  Sphere  Cone  Models 
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